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We examined visual search for letters that were distributed across both 3 dimensional space, and time. In
Experiment 1, when participants had foreknowledge of the depth plane and time interval where targets
could appear, search was more efﬁcient if the items could be segmented either by depth or by time (with
a 1000 ms preview), and there were increased beneﬁts when the two cues (depth and time) were com-
bined. In Experiments 2 and 3 the target depth plane was always unknown to the participant. In this case,
depth cues alone did not facilitate search, though they continued to increase the preview beneﬁt. In
Experiment 4 new items in preview search could fall at the same depth as preview items or a new depth.
There was a substantial cost to search if the target appeared at a previewed depth. Experiment 5 showed
that this cost remained even when participants knew the target would appear at the old depth on 75% of
trials. The results indicate that spatial (depth) and temporal cues combine to enhance visual segmenta-
tion and selection, and this is accomplished by inhibition of distractors in irrelevant depth planes.
 2012 Elsevier Ltd. All rights reserved.1. Introduction contents of that location to higher order processes. Attention canSince we are not capable of making actions to all the objects
available in the environment, ﬂexible mechanisms of selection
are required to prioritise relevant and deprioritise irrelevant stim-
uli for action (Broadbent, 1958; Tsotsos, 1990). The visual search
task, in which observers must detect a target amongst distractors,
is a ﬂexible tool that has been used extensively to characterise both
the spatial and temporal aspects of human selection mechanisms
(see Watson, Humphreys, & Olivers, 2003; Wolfe, 1998; Wolfe &
Horowitz, 2004 for reviews). Search can vary in difﬁculty from
being trivially easy (ﬁnding a N amongst Os) to ﬁendishly difﬁcult
(ﬁnding an N amongst a mixture of Hs, Is, Vs, and Xs). Understand-
ing the factors the govern search difﬁculty has both major theoret-
ical (computational models of selection, e.g. Decco & Zihl, 2006)
and practical signiﬁcance (e.g. for optimising intelligibility of dis-
plays, e.g. Davis, 2004) signiﬁcance.
Many current accounts of search (see Treisman, 2006; Wolfe &
Horowitz, 2004) posit that stimuli are ﬁrst processed along a set of
independent feature dimensions (orientation, colour, motion), with
different valueswithin eachdimension representedbydifferent fea-
turemaps. Feature processing is thought to be largely pre-attentive,
proceeding relatively automatically without much need for atten-
tion (e.g. Braun & Julesz, 1998; Braun & Sagi, 1990). A stimulus is se-
lected by attention to its location, which makes available thell rights reserved.be drawn directly to a target that uniquely activates a feature map,
making search efﬁcient1 (see, Treisman, 1988). However, if targets
and distractors activate the same map, then attention must be allo-
cated to each occupied location in turn, leading to a pattern of serial
search (Treisman & Gelade, 1980; Wolfe, 1994). Serial search is typi-
cally observed when a target is deﬁned by its particular conjunction
of features relative to distractors. There are exceptions to this rule,
however. When there are salient feature differences between one
set of distractors and another, then search can be directed to one dis-
tractor set and targets can ‘pop-out’ because they differ in a single fea-
ture from the selected set of distractors (see, Wolfe & Horowitz, 2004
for a review). Efﬁcient search has been shownwhen one distractor set
segments by motion (McLeod, Driver, & Crisp, 1988) stereoscopic
depth (e.g. Nakayama & Silverman, 1986), colour (e.g. Wolfe, Cave, &
Franzel, 1989) and differences in time of onset (e.g.Watson&Humph-
reys, 1997). The processes that allow selective search of one distractor
subset remain unclear, and are further examined here.
1.1. Temporal segmentation in search
Perhaps the most detailed studies of the mechanisms leading to
efﬁcient search through subsets of distractors have examined tem-
poral segmentation in search. In preview search, one set of distrac-
tors is presented earlier than a second set plus the target when1 Search efﬁciency is deﬁned as the slope of the function relating set size to RT – the
more efﬁcient the search the shallower the slope.
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Olivers, 2003). Provided the time interval between the stimuli is
400 ms or more, there is a substantial beneﬁt to search efﬁciency,
compared to when all of the items appear simultaneously. This
beneﬁt is at least in part dependent on the active inhibition of
the initially previewed items. For example, when participants are
engaged in active search, it is difﬁcult to detect probes that fall
on or in the vicinity of old to-be-ignored items, relative to when
probes appear on or near new items or in the background
(Humphreys, Jung-Stalmann, & Olivers, 2004; see also Allen &
Humphreys, 2007; Braithwaite, Humphreys, & Hulleman, 2005;
Watson & Humphreys, 2000). This poor probe detection is consis-
tent with old items being inhibited. In addition to this negative
inhibitory component of preview search, there may also be
contributions from onset capture by the new items (e.g. Donk &
Theeuwes, 2001; Donk & Theeuwes, 2003), or passive temporal
segmentation (e.g. Jiang, Chun, & Marks, 2002b) – however, these
processes are insufﬁcient to explain the full preview effect in the
absence of an inhibitory component (Braithwaite, Hulleman,
Watson, & Humphreys, 2006; Braithwaite, Humphreys, Watson,
& Hulleman, 2005). Additionally, evidence for active suppression
of rejected distractors extends to search tasks where relevant
and irrelevant groups are based on differences in motion (Dent,
Allen, Braithwaite, & Humphreys, 2012) pointing to inhibitory pro-
cesses as an important general mechanism in efﬁcient conjunction
search. In the current article we employ preview search as a tool to
generate active suppression of a set of old rejected distractors, and
ask how these processes combine with segmentation based on
stereoscopically generated surfaces.
1.2. Depth and surface segmentation in visual search
Visual search is affected by how scenes can be parsed into sur-
faces of co-planar elements. For example, Nakayama and Silverman
(1986) showed that if binocular disparity was used to create two
fronto-parallel surfaces or planes one in front of the other, each
populated with different coloured objects, then search could be re-
stricted to just a single plane, with little interference from the ob-
jects at the irrelevant plane. Subsequent experiments by He and
Nakayama (1995) demonstrated that common surface rather than
depth per se was the primary factor guiding search in this context.
Thus attention could be efﬁciently deployed to a surface slanted in
depth, even though a wide range of different disparity values were
present on the surface. Additionally, attending to a set of items
sharing disparity was difﬁcult if they were slanted so as to disrupt
the perception of a well formed surface. He and Nakayama (1995)
also suggested that attention may in fact spread out across a sur-
face in an obligatory fashion, such that selection of one element
of a surface can facilitate selection of other elements on the same
surface. Nakayama, He, and Shimojo (1995) thus argue for
surface-based representations as a pre-eminent form of represen-
tation in vision, perhaps more important than elementary features.
Here we ask, whether spatial surface-based representations con-
strain the deployment of inhibitory processes in preview search.
1.3. Cue combination in search
In everyday environments, stimuli are generally not segmented
by one cue at a time. When we search for our keys we might pri-
oritise silver items (select by colour), items on the desk not the
ﬂoor (select by depth), items recently unearthed by our rummag-
ing (select by motion, or time of onset). That is search operates
simultaneously with multiple cues. Surprisingly we know little
about how multiple cues might combine, and in particular we do
not know the relations between facilitatory guidance to targets
and distractor inhibition for each of several different features. Inmodels such as Guided Search (Wolfe, 1994), activity is summed
across different features to create a saliency map, highlighting
stimuli that have both bottom-up and top-down support for their
detection. There is evidence consistent with this. For example,
Krummenacher, Müller, and Heller (2001) showed the detection
of targets redundantly deﬁned by multiple dimensions was facili-
tated compared to the detection of targets deﬁned by single feature
differences to distractors (see also Konene & Zhaoping, 2007).
Nothdurft (2000) additionally showed that explicit judgements of
salience were sensitive to the number of dimensions by which a
target differed from the background. However, simple summation
of salience signals is not the whole story when it comes to cue
combination, especially given that search may be determined both
by excitatory and inhibitory processes.
1.4. Combining time and colour in search
Studies of negative colour carry-over effects in visual search
provide additional evidence for inhibitory rejection of distractors.
Braithwaite and Humphreys (2003; see also Dent, Braithwaite,
and Humphreys (2011) for similar results with motion segmenta-
tion) presented subjects with a difﬁcult heterogeneous letter search
task (ﬁnd Z or N in HIVX) amongst red and green items. Under pre-
view conditions, one set of red distractors preceded the red and
green new items, and the target could be a red or green letter in
the second search display. When the new target was red (sharing
colourwith the preview) it was very difﬁcult to detect (the ‘negative
colour carry-over effect’). Braithwaite and Humphreys (2003) ar-
gued that the features of the to-be-ignored previewswere inhibited
and there was a spread of this suppression to other items carrying
the same features (e.g. a new green target). This effect of distractor
suppressionwas offset, however, when participants had foreknowl-
edge of the likely target colour. This suggests that search is deter-
mined both by positive guidance of attention to the target colour
(when target feature values are known) and inhibitory suppression
of old distractors (see also Braithwaite, Humphreys, & Hodsoll,
2003; Braithwaite, Humphreys, & Hodsoll, 2004; Olivers & Humph-
reys, 2003) that may work in concert to mediate selection.
Importantly, when both the old and the new displays contained
a randommixture of red and green items, and colour grouping was
uncorrelated with temporal grouping, the preview beneﬁt was
modest. Thus colour grouping increased the magnitude of the pre-
view beneﬁt (Braithwaite & Humphreys, 2003; see also Jiang, Chun,
& Marks, 2002a for reports of modest preview beneﬁts with achro-
matic stimuli). This pattern of results is consistent with increased
top-down inhibition of old distractors as a consequence of colour
differences. Indeed when probe detection is used to index the mag-
nitude of inhibition on different types of old distractors, inhibition
can be increased when these items can group by colour (see Agter
& Donk, 2005; Braithwaite, Humphreys et al., 2005; Braithwaite,
Humphreys, Hulleman, & Watson, 2007; for direct evidence).
1.5. Surfaces and attentional competition
Recently investigators have explored how stereoscopic surfaces
may constrain the competition amongst stimuli for attention.
Snowden and Rossiter (1999) showed that motion coherence
thresholds could be improved if the signal and noise dots were sep-
arated into different surfaces. Viswanathan and Mingolla (2002)
examined the effects of stereoscopic surfaces on multiple object
tracking, and found that distributing items across multiple surfaces
improved tracking performance. Xu and Nakayama (2007) also
showed that memory for the association between colour and posi-
tion could be improved by separating the colours into different 3-D
planes. All of this is consistent with the idea that, when items are
separated into distinct surfaces, competition between the elements
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jects is conﬁned to one surface and a set of irrelevant objects rele-
gated to a different surface. Under these conditions the problem of
selection may be substantially eased. Pylyshyn, Haladjian, King,
and Reilly (2008), investigated the fate of a subset of distractors
appearing in a different surface to the remaining distractors and
the target in the context of multiple object tracking (MOT). Partic-
ipants tracked a subset of randomly moving items while ignoring
randomly moving items in the same and in a different depth plane.
They showed that probes presented on coplanar distractors were
responded to more slowly than probes presented on the back-
ground, but that there was no such disadvantage for probes pre-
sented on non-coplanar distractors. These results are consistent
with the idea that surface based constraints on inter-item compe-
tition are so strong that non-coplanar distractors do not require
active inhibition. Here we ask whether surface-based segmenta-
tion processes interact with inhibitory suppression of old
distractors in preview search.
1.6. The current study
In the current study we assessed how the presence of multiple
stereoscopic surfaces may combine with temporal differences to
determine search performance. There are several possible ways
that depth and time may interact in search. Firstly, independent
sources of guidance from time and depth may summate to improve
search, but not necessarily lead to negative carry over effects (e.g.
Guided Search). Secondly, as in the case of colour, when depth seg-
mentation and temporal segmentation are correlated old distrac-
tors along with their depth may be more strongly inhibited, this
would increase the combined beneﬁt, and lead to negative carry
over effects. Thirdly, as in the case of MOT when depth is present,
there may be no longer a requirement to use time to inhibit old
items. If this is the case then we predict that performance will be
equivalent when items only segment by depth and when they seg-
ment by depth and time combined. We would then predict no neg-
ative carry over effects. We report three experiments aimed to
disentangle these issues. In Experiments 1 and 2 participants were
presented with a relatively difﬁcult search task in which the target
was one of two letters (N or Z) presented amongst other distractor
letters (H, I, V, and X). One set of distractors could then be sepa-
rated from the other distractors plus the target on the basis of
the time when they were presented (one set of distractors ap-
peared as a preview before the other distractors and the target)
and their depth (one set of distractors appeared in front of or be-
hind the other distractors plus the target). In Experiment 1 partic-
ipants knew the depth plane where the target could appear, and
they could use this foreknowledge to ignore distractors with the
irrelevant depth feature or to prioritise targets with the relevant
feature. In Experiment 2 participants did not have this foreknowl-
edge and so were less able to prioritise targets at a particular
depth. We evaluated how the foreknowledge of depth combined
with that of the temporal interval when the target would appear
(under preview conditions). In Experiment 3 we added additional
contextual placeholders to the screen in all conditions in order to
better contextualise the 3-D space, and to rule out any account
of the effects of preview in terms of enhanced 3-D perception. In
Experiment 4 we assessed whether there was evidence for inhibi-
tory suppression determining search in depth and time, and
whether the suppression increased when depth and time com-
bined to segment one set of distractors from the other search
items. To test this, we used the negative carry-over procedure from
Braithwaite and Humphreys (2003). In this study, new search tar-
gets could appear either at a new depth (not occupied by old pre-
viewed items) or at the depth of previewed stimuli. Are targets at
the old depth difﬁcult to select, consistent with inhibitorycarry-over from a suppressed depth plane? In Experiment 5 we as-
sessed how any negative carry-over could be modiﬁed by expecta-
tions regarding the target’s likely 3-D location. The results counter
the idea that previews aid depth segmentation by giving additional
cues to the 3D structure of displays, along also with the idea that
enhanced effects of segmentation are due to participants using
the cues to set an expectancy of the target’s depth. We discuss
the results in terms of the role of inhibitory processes automati-
cally recruited when participants are set to ignore distractors in




Undergraduate and postgraduate students from the University
of Birmingham participated either for course credit or a small pay-
ment of £5. Data from 24 participants were entered into the anal-
yses, mean age 21 (range 18–34), two were left handed and six
were male. There were also seven subjects who did not perform
accurately in the depth pre-screen (see below) and were excluded
from the study.
2.1.2. Equipment
Stimulus presentation and control programs were written with
MatLab and the psychophysics toolbox (Brainard, 1997; Pelli,
1997). Experimental software ran on a PowerMac Dual G5 with an
Nvidia 6600LE graphics card. Stimuli were displayed on a Viewsonic
P225f, 2100 monitor 1280  960 pixels, running at 120 Hz. Stereo-
scopic presentation was achieved using Stereographics CrystalEyes
3 shutter glasses that delivered alternate frames to each eye (60 Hz).
2.1.3. Stimuli
Stimuli (see Fig. 1 for illustration) were viewed from approxi-
mately 57 cm. Search stimuli were composed of letters (H, I, V, X,
Z, and N) drawnwith simple black lines 0.6 mm inwidthmeasuring
0.6  0.6 cm. Letters were positioned on the screen at unique posi-
tions (separated 1.2 cmcentre to centre) selected at random froman
11  11 grid of 121 possible locations (excluding the centre cell
which contained the ﬁxation cross). Within each display distractor
letters were selected from the letters HIV and X such that 25% of
the distractors were of each type except that the target (Z or N) re-
placed one of the distractors at random in each display. Letters could
appear at two possible positions in depth, front and back. Letters in
the front plane had a crossedhorizontal disparity of 1.8 mm, and let-
ters in the back plane had an uncrossed horizontal disparity of
1.8 mm, this gave the impression of clear separation in depth. Front
items appeared 1.62 cm in front of the screen and back items ap-
peared 1.62 cm behind the screen. Search displays were presented
with a cross at ﬁxation 6  6 mm, and bounded by an outline square
box 18  18 cm, both drawn with lines 0.3 mm in width.
2.1.4. Design
The experiment manipulated two major factors: preview seg-
mentation (preview vs. no-preview), and depth segmentation
(two planes vs. one plane). Factorial combination of these two fac-
tors yielded four main condition types (see Fig. 1): (1) full set, in
which neither segmentation cue was present, all letters appeared
at the same time and in one depth plane, (2) depth segmentation
in which depth but not preview segmentation was present; all let-
ters appeared at the same time but split across two depth planes,
(3) preview segmentation, in which preview but not depth seg-
mentation was present; half the letters appeared ﬁrst, before being
Fig. 1. Conditions of Experiment 1 illustrated for a front target, preview and combined conditions had short (150 ms) or long (1000 ms) preview versions.
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segmentation, in which both cues were present and complimen-
tary, half the items appeared ﬁrst in one plane, and were joined la-
ter by the remaining items and the target in the other plane. The
preview duration was manipulated and could be either short
(150 ms) or long (1000 ms), this led to the creation of two versions
of the preview and the combined conditions, giving a total of six
conditions. Target depth plane (front or back) was also manipu-
lated across blocks, and set-size (8 vs. 16) items, was randomised
within blocks.2.1.5. Procedure
The experiment took place in a small test room under normal
room lighting. All participants were ﬁrst introduced to the shutter
glasses, and completed the prescreen tasks. The same type of stim-
uli as used in the experiment were used in two depth prescreen
tasks. In the ﬁrst task all the distractors apart from the target were
presented at one depth plane and the target at the other. Partici-
pants pressed one of the two arrow keys on the keyboard to indi-
cate if the target appeared at the front or the back. In the second
prescreen task half of the items appeared in the front and half of
Table 1
Mean percentage error across conditions in Experiment 1.
Target in front Target in back
8 Items 16 Items 8 Items 16 Items
Full set 2.40 2.24 1.44 2.08
Depth 1.92 1.76 2.56 1.12
Preview (1000 ms) 2.24 3.21 2.56 3.21
Depth + preview (1000 ms) 1.28 2.40 2.40 3.04
Preview (150 ms) 3.04 3.04 3.04 2.40



















Fig. 2. Mean RT in Experiment 1 plotting the full set and depth conditions against
the 1000 ms preview and combined conditions, each condition shown with a
separate line. Left panel corresponds to the performance with a front target, and the
right panel to performance with a back target. Error bars show standard error.
Table 2
Search efﬁciency ms/item in Experiment 1.
Front Back
Full set 50.18 48.22
Depth 33.02 33.06
Preview 1000 ms 30.61 38.26
Combined (depth + preview 1000 ms) 23.16 24.50
Preview 150 ms 41.78 48.99
Combined (depth + preview 150 ms) 31.84 31.26
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plane in which the target appeared. Participants completed 24 rep-
etitions of each task, and had to complete these without error to
pass. If a participant failed on the ﬁrst run of the task they were
permitted two further attempts before being excluded from the
study. Successful participants then went on to complete practice
in the heterogeneous letter search task (two blocks of 24 trials with
full set search one block using the front plane and one block using
the back, completed in the same order as front and back were
encountered in the main experiment). The main experiment was
composed of 12 blocks of trials, each of the six conditions in a sep-
arate block presented twice. The ﬁrst six blocks of trials presented
each condition with the target depth ﬁxed at one of the two possi-
ble depths, the last six blocks presented each condition with the
target at the remaining depth plane, the order (front–back vs.
back–front) was counterbalanced over participants. The order of
the six condition blocks was the same in the ﬁrst and second halves
of the experiment but was counterbalanced across participants.
The sequence of events on each trial was as follows. Each trial
was initiated with a key-press. On every trial there was a ﬁxed per-
iod of 1600 ms from the initiating key-press to the onset of the tar-
get containing display. First there was a blank screen for 100 ms.
Next the outline square and ﬁxation cross appeared at zero dispar-
ity for a maximum of 1500 ms. In the full set condition all items
appeared simultaneously and at the same depth 1500 ms later. In
the short and long preview conditions half of the letters (only dis-
tractors) appeared either after 1350 or 500 ms and were shown for
either 150 or 1000 ms before the remaining distractors and the tar-
get were added (the early appearing distractors remained present
when the second group of items were added). In the depth condi-
tion, half of the letters were presented in one depth plane, and the
other half of the letters were presented in the remaining depth
plane. Target depth plane was known in advance and was ﬁxed
during each half of the experiment. In the combined conditions
depth segmentation was combined with either a short (150 ms)
or long (1000 ms) preview, half the letters were presented ﬁrst at
one depth (after 1350 or 500 ms), followed by the remaining dis-
tractors and the target at the other depth.
A target letter (Z or N randomly across trials) was always pres-
ent and participants made a decision about target identity. Partic-
ipants pressed the Z key if the target was Z, and the N key if the
target was N. Following the key-press the stimulus display was re-
moved, and participants pressed the key to begin the next trial.2.2. Results
Incorrect responses were too rare (2.38%), to permit meaningful
analysis, thus we present only analysis of RT.2 The mean errors in
the different conditions are shown in Table 1. Extreme RTs (<100
or >8000 ms) were excluded as outliers (11 responses).2.2.1. Combining depth with a 1000 ms preview
First we evaluated the combined effects of depth and time con-
sidering the 1000 ms long preview cases ﬁrst (see Fig. 2 for illustra-
tion of the relevant mean values, and Table 2 for search efﬁciency).
The analysis took the form of a 2 (depth: depth-segmented, vs.
ﬂat)  2 (time: 1000 ms preview vs. simultaneous)  2 (set size,
8 vs. 16)  2 (target plane: front vs. back) repeated measures
ANOVA. Importantly there was no effect of target plane, nor did
any of the interactions involving target plane reach signiﬁcance
Fs(1,23) < 2, ps > 0.18. There were main effects of depth segmenta-
tion (F(1,23) = 24.05, p < 0.0001), temporal segmentation2 A visual scan of these errors showed that there was no evidence of a speed-
accuracy trade-off.(F(1,23) = 110.79, p < 0.0001) and set size F(1,23) = 270.19,
p < 0.0001. Participants were faster when given a 1000 ms preview,
faster with depth segmentation and faster with 8 than 16 items.
Critically, both preview and depth interacted with set size
(F(1,23) = 24.14, p < 0.0001, and F(1,23) = 29.74, p < 0.0001 for
the time and depth cases respectively) such that search slopes
were shallower in the presence of either segmentation cue. There
was no two-way interaction between time and depth, or any
three-way interaction between time, depth, and set size Fs < 1,
consistent with approximately additive effects of these two cues.
In two further ANOVAs we directly compared the combined
condition against the two single cue conditions (depth and pre-
view). Performance when both cues were present was faster
(F(1,23) = 19.35, p < 0.0001 vs. preview alone, F(1,23) = 35.51,
p < 0.0001, vs. depth alone) and more efﬁcient (interactions with
set size: F(1,23) = 10.21, p < 0.005, F(1,23) = 6.06, p < 0.05, for pre-
view and depth respectively) than performance with either depth
or preview alone.2.2.2. Combining depth with a 150 ms preview
In a second analysis we considered how a short preview of


















Depth + Preview (150 ms)
Fig. 3. Mean RT in Experiment 1 plotting the full set and depth conditions against
the 150 ms preview and combined conditions, each conditions shown with a
separate line. Left panel corresponds to the performance with a front target, and the
right panel to performance with a back target. Error bars show standard error.
50 K. Dent et al. / Vision Research 65 (2012) 45–61illustration of mean RT, and Table 2 for search efﬁciency). The
ANOVA had the same structure as that used above. There were
main effects of depth, F(1,23) = 19.59, p < 0.0001, and set size,
F(1,23) = 197.28, p < 0.0001, that interacted, F(1,23) = 18.11,
p < 0.05. However the main effect of time was non-signiﬁcant,
F(1,23) = 3.08, p = 0.09, and there was no interaction between time
and set size F < 1 indicating no effect of a 150 ms preview on search
efﬁciency. Additionally there was no interaction between time and
depth, F(1,23) = 2.4, p = 0.135, statistically there is no greater effect
of time in the presence vs. the absence of depth. From Fig. 3 it ap-
pears that there may be some trend towards an effect of time when
depth is present, thus we also directly compared the depth and
combined conditions. There was indeed a trend towards an effect
of condition, F(1,23) = 3.56, p = 0.07, but there was no signiﬁcant
interaction with set size F < 1 indicating equally efﬁcient perfor-
mance in the two conditions.
2.3. Discussion
The results of Experiment 1 demonstrated signiﬁcant beneﬁts
to search efﬁciency as a consequence of either (i) depth segmenta-
tion alone or (ii) segmentation by a 1000 ms preview (i.e. time). In
contrast, a 150 ms preview was ineffective in increasing search
efﬁciency relative to baseline. When depth and 1000 ms preview
segmentation were present together in one display, the beneﬁt to
search efﬁciency was signiﬁcantly larger than when either cue
was present alone. Importantly, this additional beneﬁt was not
merely due to the interaction between the presence of a temporal
difference between onset of the two planes, since a 150 ms time
difference was not sufﬁcient to generate any preview beneﬁt on
search slopes. We note that the 150 ms separation is certainly suf-
ﬁcient to generate low-level perceptual segmentation (e.g. Leo-
nards, Singer, & Fahle, 1996), but it is not sufﬁcient to enable the
old items to be actively ﬁltered and ignored. Thus time and depth
only combined when the temporal lag was sufﬁcient for active
inhibitory processes to contribute to suppress the preview
(Humphreys, Jung-Stalmann et al., 2004).
The beneﬁt to search resulting from either cue alone was sub-
stantial, with the search slope decreasing from 49 ms in the full
set condition, to 33 or 34 ms per item in the depth and preview
cases respectively; however, this represented a gain of only 30%
rather than the 50% that would be expected if half of the items
were completely excluded. Thus the guidance effects we reporthere from each cue alone are not optimal. This result is similar to
that reported by Braithwaite and Humphreys (2003) with similar
stimuli with mixed coloured previews and mixed coloured new
items (see also Jiang, Chun, & Marks, 2002a). Here, only when both
cues were present in combination did search become twice as efﬁ-
cient (search slope = 25 ms vs. 49 ms) as expected if there was
complete exclusion of half the items in the combined condition.
In Experiment 1 the target’s depth plane was always known to
the subject in advance. Thus the increased beneﬁt from cue combi-
nation could stem either from inhibitory factors (increased inhibi-
tion of the old items) or from facilitatory prioritisation of the
subset of items in the target plane. In order to assess the impor-
tance of any anticipatory bias towards a known target plane we
conducted Experiment 2 in which the target plane was varied
unpredictably from trial to trial.3. Experiment 2: Search in depth and time, without target
feature foreknowledge
In Experiment 2 in the combined condition participants never
knew the speciﬁc depth of the target in advance, and so could ap-
ply no consistent strategy to anticipate target depth value. In order
to achieve this, the conditions of Experiment 1 were modiﬁed. In
the full set and ﬂat preview cases the plane used to display the
search items varied from trial to trial and was either front or back.
In the modiﬁed depth condition half the items occurred in the cen-
tral depth plane, and the other half either appeared either in front
or behind, unpredictably from trial to trial. In the modiﬁed com-
bined condition, the central items always appeared ﬁrst followed
by the items in either the front or back. In Experiment 2 the
150 ms preview condition was dropped, and replaced by the mixed
preview and appropriate full set conditions. In these conditions the
search items in all displays (both the preview display and the ﬁnal
search display) were distributed across two depth planes (front
and back), these conditions were included to assess the general ef-




Undergraduate and postgraduate students from the University
of Birmingham participated in return either for course credit or
£5. Data from 18 participants was included in the ﬁnal analysis,
mean age 21.1 (range 18–29), two were male, all participants were
right handed. Five participants who failed the initial depth pre-
screen were excluded from the experiment.
3.1.2. Stimuli design and procedure
The same heterogeneous letter stimuli were used as in Experi-
ment 1. In Experiment 2 letters could appear at three possible
depths, central (0 disparity), front (+3.6 mm disparity), and back
(3.6 mm disparity). Front items appeared 3.34 cm in front of
the screen and back items 3.34 cm behind. Larger values of dispar-
ity were used in this experiment than in Experiment 1 in order that
the magnitude of the difference in disparity between the central
and either front or back planes was the same as the difference be-
tween the front and back planes of Experiment 1. The prescreen
tasks used in Experiment 2 were modiﬁed to use these new dispar-
ity values.
As in Experiment 1 the two main factors manipulated were pre-
view and depth segmentation. Additionally we manipulated the
number of depth values simultaneously present in the preview
and full set conditions. Six possible conditions were included (see
Fig. 4): (1) ﬂat full set; all the items appeared together but the
Fig. 4. Illustration of the conditions in Experiment 2, a sixteen item trial is depicted. Each frame indicates a depth plane. Note that in the ﬁgure not all items are visible since
the depth planes are rendered as opaque.
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and back from trial to trial, (2) mixed full set; all the items ap-
peared at the same time, but were divided up over two planes front
and back, with target plane determined randomly on each trial, (3)
depth; half the items appeared at the central depth, with the other
half either in the front or back unpredictably, participants did
know that targets would not appear in the central plane, (4) ﬂat
preview; half the items appeared ﬁrst either in the front or the
back unpredictably and were joined 1000 ms later by the rest of
the items in the same plane, (5) mixed preview; half the items ap-
peared ﬁrst divided equally over front and back, the remainder
then appeared also divided over front and back such that the ﬁnal
display contained an even number of items at each depth, (6) com-
bined; half the items appeared ﬁrst at the middle depth, then therest of the items appeared either at the front or the back. Target
plane was manipulated but varied randomly from trial to trial.
Set size was also manipulated (8 or 16 items).
All other procedural details of the experiment were as for
Experiment 1, participants completed 12 blocks of trials, composed
of two successive runs through each condition in the same order,
with the order of presentation counterbalanced over participants.3.2. Results
There was 1.85% of errors, too few for meaningful analysis. The
mean values are shown in Table 3. Extreme responses (<100 ms
>8000 ms) were excluded from analysis (total of 22 responses).
Fig. 4 (continued)
Table 3
Mean percentage error across conditions in Experiment 2.
Target in front Target in back
8 Items 16 Items 8 Items 16 Items
Full set 1.55 1.36 2.55 0.83
Depth 0.69 1.72 2.55 2.08
Preview 1.29 2.78 1.95 1.06
Combined (depth + preview) 1.95 1.92 2.25 2.18
Preview mixed 2.18 2.61 2.35 1.92
Full set mixed 1.95 1.59 1.29 1.72
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In a ﬁrst analysis we assessed the effect of spreading the search
items across two depth planes on the magnitude of the preview
beneﬁt to search. The ﬂat full set and mixed full set conditions
were compared against the ﬂat preview and mixed preview condi-
tions (see Fig. 5 for relevant mean RTs, and Table 4 for search efﬁ-
ciency). The analysis took the form of a 2 (target plane: front,
back)  2 (time: preview, no-preview)  2 (depth: ﬂat, mixed) re-
peated measures ANOVA. There were main effects of preview,
F(1,17) = 58.51, p < 0.0001 and set size, F(1,17) = 102.28,



















Fig. 5. Mean RT in Experiment 2 plotting the ﬂat full set and preview conditions
against the mixed full set and preview conditions. Each condition plotted on a
separate line, as a function of set size (x-axis upper), data for front targets in the left
panel and data for back targets in the right panel (x-axis lower). Error bars show
standard error of the mean.
Table 4
Search efﬁciency ms/item in Experiment 2.
Front Back
Full set 55.06 55.36
Depth 60.55 57.44
Preview 50.14 41.62
Combined (depth + preview) 30.80 31.76
Full set mixed 57.12 64.44



















Fig. 6. Mean RT in Experiment 2 plotting the ﬂat full set and preview conditions
against the depth and combined conditions. Each condition plotted on a separate
line, as a function of set size (x-axis upper), data for front targets in the left panel
and data for back targets in the right panel (x-axis lower). Error bars show standard
error of the mean.
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no effect of depth mixing, F(1,17) = 1.99, p = 0.18, nor any interac-
tion between depth mixing and set size F < 1. Thus the presence of
multiple depth values neither disrupted nor enhanced the preview
beneﬁt. Concerning the effect of target plane, there was no overall
effect and no interactions (Fs < 1), with the single exception of a
trend towards an effect of mixing when the target appeared in
the front, F(1,17) = 3.18, p = 0.09.
3.2.2. Combining depth and preview
In a second analysis we assessed the effects of depth and tem-
poral segmentation, and their combination, using the standard
(not mixed) preview and full set conditions (analyses with the
mixed cases yielded essentially the same results). The ﬂat full
set, and ﬂat preview conditions were compared against the depth
and combined conditions see Fig. 6, for illustration of the mean val-
ues, and Table 4 for search efﬁciency). The analysis took the form of
a 2 (target plane: front, back)  2 (time: preview, no-preview)  2
(depth: ﬂat, depth) repeated measures ANOVA. There were main
effects of depth, F(1,17) = 4.64, p < 0.05, preview F(1,17) = 94.166,
p < 0.0001, and set size F(1,17) = 110.48, p < 0.0001. Both depth
and preview interacted with set size (depth  set size, F(1,17) =
4.74, p < 0.05, preview  set size, F(1,17) = 13.41, p < 0.005). Criti-
cally the three way interaction between depth, preview, and set
size was also signiﬁcant, F(1,17) = 5.56, p < 0.05, indicating that
the effects of depth and preview were not additive. An ANOVA
comparing the depth condition against the ﬂat full set condition re-
vealed no effect of condition nor any interaction between condition
and set size Fs < 1, in the absence of a temporal preview depth seg-
mentation alone was completely ineffective. An ANOVA comparing
the combined condition against the ﬂat preview condition revealed
a main effect of condition (F(1,17) = 9.14, p < 0.05) that interactedwith set size (depth  set size F(1,17) = 10.44, p < 0.005). Thus in
contrast to the null effect of depth alone, the addition of a time dif-
ference (in the preview condition) enhanced the otherwise null ef-
fect of depth, so that search was more efﬁcient than when the
preview alone was presented.
Concerning the effect of target plane, there was no main effect
or any interactions Fs 6 1. The only exception was a trend towards
an interaction between depth and target plane, F(1,17) = 3.184,
p = 0.09, with numerically larger effect of depth for back targets.3.3. Discussion
In Experiment 2 the depth plane of the target item varied from
trial to trial. Here, in the depth and the combined depth and pre-
view conditions, participants were unable to systematically deploy
resources to the target plane in anticipation of a target. Consistent
with an anticipatory depth guidance effect, in Experiment 1, a
depth difference between the items in the absence of a preview
was completely ineffective at increasing search efﬁciency. Despite
this, when depth and preview were present together in the com-
bined condition, performance was more efﬁcient than when only
a preview was present. The magnitude of the preview beneﬁt on
search efﬁciency was quite small here (55 ms vs. 45 ms) and this
may be traced to incomplete exclusion of old items particularly
when 16 items were present (see below). In addition, search over-
all RT was also longer and search generally less efﬁcient than
Experiment 1. This general increase in difﬁculty could be the result
of greater levels of uncertainty present in the experiment. However
when the preview was combined with depth, search approached
the level expected if old items were completely excluded from
search (55 vs. 30 ms per item, a 45% gain). When the preview alone
was present, there appeared to be more effective ﬁltering of old
items in 8 than 16 item displays. The rate of search in the full set
condition is 55 ms/item. From this we predict a RT beneﬁt of
220 ms (55 ms  4) when 4 old items are excluded and 440 ms
(55 ms  8) when 8 old items are excluded. In the preview condi-
tion the observed beneﬁt of 236 ms for the 8 item display is consis-
tent with complete exclusion of all 4 old items. In contrast, with
displays of 16 items the data suggest that proportionately fewer
old items were ﬁltered out under standard preview conditions
(5.6 rather than all 8 old items). Thus when depth and preview
are combined there is further enhancement of the ability to
54 K. Dent et al. / Vision Research 65 (2012) 45–61exclude old items but only for 16 items, where the ﬁltering of old
items is not already fully effective. With 16 items only the combi-
nation of depth and preview leads to an average beneﬁt (445 ms)
consistent with complete exclusion of all 8 old items (440 ms).
The additional beneﬁt from combining depth and preview search
in Experiment 2 cannot be explained by anticipatory attentional
enhancement of a particular depth plane, since the target’s depth
plane was unknown.
It is also of interest that, when the preview displays were di-
vided over two planes, with both the old and the new items
appearing half in front and half behind, there was no change in efﬁ-
ciency, relative to when all items appeared together either in the
front or the back. This result indicates that the presence of multiple
depth cues per se does not inﬂuence the magnitude of the preview
beneﬁt. This result stands in contrast to the effects of irrelevant
depth differences on other forms of segmentation (e.g. by orienta-
tion see Snowden, 1998). Thus the preview effect does not increase
when all the items old and new appear in one single plane and
common depth is available to group all the items. The effect of
depth in increasing the preview beneﬁt seems limited to condi-
tions where old and new objects are segmented by depth, each
occupying different depth planes.
One account of the additional beneﬁt from combining depth
and preview conditions is that it reﬂects the effect of the preview
on depth perception, not the inhibition of the preview and the
relation between inhibition and depth coding. We used binocular
disparity to create the depth planes. One possibility then is that
the increased beneﬁt in the temporal preview case can be traced
to an advantage in deﬁning the spatial structure of the planes
when some items are presented in advance of the new items.
That is, preview conditions enhance effects of depth segmentation
because the preview enables the depth disparities to be coded
more easily.
We note that this explanation seems unlikely given that there
was no change in performance in the preview conditions when a
greater amount of structure was present by virtue of splitting the
items over two planes. However it remains possible that when
depth is relevant, the ability of participants to use it is increased
by a preview. In order to rule out this explanation we re-ran a ver-
sion of Experiment 2 but in all cases we provided participants with
an opportunity to set-up the space of three planes in advance of the
appearance of the target. This was achieved by selecting a set of
eight locations in each plane and presenting an outline circle in
each of these locations with the appropriate disparity to serve as
placeholders prior to target appearance. As for Experiment 2 all tri-
als had a period of 1600 ms after trial initiation but before target
presentation, in all conditions of Experiment 3 placeholders were
visible during the last 1000 ms of this period (in the preview con-
dition preview letters bounded by circles were also visible). Fol-
lowing this initial period the remaining search items were
presented (also bounded by circles). In all conditions there is ample
opportunity to structure the 3-D space. If the additional advantage
of the combined depth and preview condition over the preview
condition can be traced to better more developed depth perception
then it should not occur in the current experiment where all con-
ditions have a preview of the spatial structure.
An additional concern with Experiments 1 and 2 is that, in the
critical depth plus preview condition, the new items deﬁne a new
plane that was not previously present, whereas in the preview only
condition no new plane is created when the new items onset. One
possible explanation of the additional beneﬁt is that new depth
captures attention (see Abrams & Christ, 2006 for similar argu-
ments in the context of motion). By providing a set of placeholders
on the screen in all conditions prior to target appearance no new
depth is created at the time of target onset, ruling out any explana-
tion in terms of new depth capture.4. Experiment 3: Temporal preview and spatial structure
4.1. Method
4.1.1. Participants
Seventeen undergraduate and postgraduate students from the
University of Birmingham participated in return for course credit.
One participant failed the depth prescreen and was removed. Age
(18–28), mean (19.9). Six were male and 11 female.
4.1.2. Equipment
Stimulus presentation and control programs were written with
MatLab and the psychophysics toolbox (Brainard, 1997; Pelli,
1997). Experimental software ran on a PC with an Nvidia Quadro
3700 graphics card. Stimuli were displayed on a HP P1230, 2100
monitor 1280  960 pixels, running at 120 Hz. Stereoscopic pre-
sentation was achieved using Stereographics CrystalEyes 4 shutter
glasses that delivered alternate frames to each eye (60 Hz).
4.1.3. Stimuli
The stimuli were the same as in Experiment 2 except that in
addition to the letters (H, I, V, X, Z, and N) we used circular place-
holders composed of lines of 0.3 mm wide and 0.85 cm in diame-
ter. The circular placeholders were used to both mark empty
locations and to surround the stimulus letters.
4.1.4. Design and procedure
The experimental design was based on that of Experiment 2,
although the mixed preview and full-set conditions were omitted.
Thus there were four conditions deﬁned as for Experiment 2: (1)
full-set, (2) depth, (3) preview, (4) combined. Set size was also
manipulated (8 or 16 items). As for Experiment 2 at the start of
each trial following trial initiation there was a period of 1600 ms
prior to the appearance of the target item. In all conditions for
the last 1000 ms of this period the display contained a set of 24 cir-
cular placeholders that marked each of the three depth planes
(eight circles in each plane). In the preview and the combined con-
dition the empty placeholders were accompanied by a preview of
half of the letter stimuli.
At the very start of the experiment all participants completed
a single depth perception prescreen task, using displays based on
those used in the experiment proper. Participants ﬁrst had a pre-
view of the 24 placeholders for 1000 ms then 16 search items ap-
peared eight in the back and eight in the front, participants
indicated whether the target was in the front or the back and
received feedback on each trial. There were eight practice trials
followed by 32 trials from which accuracy was recorded. Partici-
pants had to perform without error to proceed but could repeat
the prescreen a maximum of three times. Participants then com-
pleted a general practice of 56 trials of the full set condition to
orient them to the search task. Following this general practice
they were introduced to the four different experimental condi-
tions (eight trials each). Finally in the main experiment, partici-
pants completed eight blocks of trials, two runs through one
block of each of the four conditions in the same order with order
counterbalanced across participants. All other details were as for
Experiment 2.
4.2. Results
We assessed the effects of depth and temporal segmentation,
and their combination, using ANOVA. Errors (M = 2.25%) were too
rare to permit meaningful analysis (see Table 5 for the breakdown
of errors). Outliers were deﬁned as responses <100 ms >8000 ms,
one response was excluded on this basis. The full set, and preview
Table 5
Mean percentage error across conditions in Experiment 3.
Target in front Target in back
8 Items 16 Items 8 Items 16 Items
Full set 3.15 2.95 1.96 1.47
Depth 2.72 1.96 1.49 1.71
Preview 1.96 1.96 3.01 1.96



















Fig. 7. Mean RT in Experiment 3 plotting each condition on a separate line, as a
function of set size (x-axis upper), data for front targets in the left panel and data for
back targets in the right panel (x-axis lower). Error bars show standard error of the
mean.
Table 6
Search efﬁciency ms/item in Experiment 3.
Front target Back target
Full set 54.81 45.33
Depth 64.38 60.77
Preview 51.86 47.25
Combined (depth + preview) 39.30 32.27
Table 7
Mean RT and search slopes across conditions in Experiment 3A.
8 Items 16 Items Slope ms/item
Front 832.83 1207.20 46.80
Back 848.28 1193.93 43.21
Middle 835.55 1204.33 46.10
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tions see Fig. 7, for illustration of the mean values, and Table 6 for
search efﬁciency). The analysis took the form of a 2 (target plane:
front, back)  2 (time: preview, no-preview)  2 (depth: ﬂat,
depth) repeated measures ANOVA. There were main effects of pre-
view F(1,16) = 142.989, p < 0.0001, and set size F(1,16) = 257.344,
p < 0.0001. The main effect of depth was not signiﬁcant, F(1,16) =
1.802, p = 0.198. Preview interacted with set size, F(1,16) =
10.567, p < 0.005, indicating that, overall, efﬁciency was greater
in the presence of preview segmentation. Critically the three way
interaction between depth, preview, and set size was also signiﬁ-
cant, F(1,16) = 15.090, p < 0.005, indicating that the effects of depth
and preview were not additive.
An ANOVA comparing the depth condition against the full set
condition revealed a main effect of depth (F(1,16) = 7.036,
p < 0.05) that interacted with set size (depth  set size F(1,16) =
6.511, p < 0.05). Depth segmentation alone, in the absence of a
preview, was completely ineffective, in fact it produced a cost, such
that participants were less efﬁcient in the presence of depth. An
ANOVA comparing the combined condition against the preview
condition revealed a main effect of condition (F(1,16) = 6.267,
p < 0.05) that interacted with set size (depth  set size F(1,16) =
12.212, p < 0.005). Thus in contrast to the case of depth alone,
the addition of a time difference (in the preview condition) re-
versed the otherwise negative effect of depth, so that search was
more efﬁcient when depth and preview combined than when a
preview alone was presented.Concerning the effect of target plane, there was no main effect
or any interactions Fs < 1.3. The only exceptions were an interac-
tion between target plane and set size F(1,16) = 5.365, p < 0.05
(with generally more efﬁcient performance for a back target),
and a trend towards an interaction between depth and target
plane, F(1,16) = 3.368, p = 0.06, with numerically larger effect of
depth for back targets.
4.3. Discussion
In Experiment 3 during the period prior to the occurrence of the
target a set of placeholder circles were presented at each of the
three depths used in the experiment. Thus in all conditions there
was ample opportunity to structure the 3-dimensional space. If
the additional beneﬁt from depth seen in Experiment 2 is attribut-
able to any greater opportunity to structure the space given a tem-
poral preview, it should be eliminated in Experiment 3. In fact the
results showed that the additional beneﬁt of adding depth to pre-
view was replicated in Experiment 3 ruling out an explanation in
terms of enhanced depth perception. Adding placeholders to the
displays in Experiment 3 did change performance in the depth con-
dition. Previously we had observed no difference between the full-
set and the depth condition. In contrast in Experiment 3 the results
revealed poorer performance in the depth condition relative to the
full-set. One account of this is that adding placeholders increased
the salience of the middle plane, and this might have made atten-
tion prioritise items falling in the mid-depth range.
Now, one effect of increasing priority to mid-depth items is that
it might then be easier to inhibit them. Humphreys, Jung-Stalmann
et al. (2004), for example, showed that the inhibition of previewed
locations at a long preview interval was preceded by attention to
the preview. They suggested that inhibition of the previewed items
may be contingent on them ﬁrst being attended. However, if there
was enhanced attention followed by increased inhibition we would
expect the preview beneﬁt to increase when the preview falls at
the centre compared to the front and back positions. We tested this
in a control study (3A). Fifteen participants viewed a standard ﬂat
preview in either the front, middle or back plane. Performance was
equally good across all the depth planes, see Table 7 for data. There
was no evidence that it is easier to reject distractors in the central
compared to either the front or back planes.
One other issue with Experiments 1 and 2 is that, while it may
not be possible to direct attention towards the target plane and
away from the distractor plane when all the items appear simulta-
neously, it may be possible to rapidly deploy attention to items in a
new depth plane. Note that, in the combined condition, the tar-
get always appeared in the new depth plane. Thus rapid selection
of locations in a newly occurring depth plane, could explain the
additional beneﬁt. However note that in Experiment 3 the inclu-
sion of place holders means that all the depths are old depths in
all conditions, there is never any onset of any new depth co-inci-
dent with the onset of the target. Thus any account of the addi-
tional beneﬁt in terms of new depth is untenable.5. Experiment 4: Negative carry-over in a depth plane
In Experiment 4 we set out to further reduce the knowledge
that participants have regarding the target’s depth. In the critical
Fig. 8. Illustration of the conditions of Experiment 4, a 16 item case is illustrated.
Note that since the depth planes (depicted by frames) are rendered as opaque not
all items are visible.
56 K. Dent et al. / Vision Research 65 (2012) 45–61preview conditions in Experiment 3, the new items appeared split
over the old and a new depth. The target then appeared equally of-
ten in the old or the new depth plane, and so participants should
not prefer to select items in the new depth plane. If there is inhibi-
tion of the old depth plane, however, then targets falling in that
plane may be difﬁcult to detect.
Experiment 4 evaluated whether there was inhibitory carry-
over to targets under preview conditions if they fell at the same
depth as the old items. This would be consistent with suppression




Undergraduate and postgraduate students of the University of
Birmingham participated in return either for credit or a payment
of £4. Data from 15 participants was entered into the analyses
(mean age 21.4, range 18–32). All participants were right handed,
one participant was male. Four participants who failed the initial
depth screen were excluded.
5.1.2. Equipment
As for Experiment 1.
5.1.3. Stimuli
The same heterogeneous letter stimuli were employed as in the
previous experiments. As for Experiment 1 letters could appear at
two possible depth planes 1.8 and 1.8 mm disparity.
5.1.4. Design and procedure
The experiment manipulated two main factors, time (preview
or no-preview), and target plane (front or back). The aim of the
experiment was to determine if there was any difference in the
detection of targets at a previewed vs. a non-previewed depth
plane. There were ﬁve conditions (see Fig. 8): (1) front preview,
half of the items appeared ﬁrst all at the front, the new items then
appeared divided equally over the front and the back, with the tar-
get plane determined randomly on each trial, (2) back preview, as
for the front preview but with the old items always in the back, (3)
front full set created with reference to the front preview condition,
by presenting the ﬁnal display from the front preview condition
without any time difference (thus two thirds of the items appeared
at the front and one third at the back with target depth determined
randomly on each trial), (4) back full set as the front full set but
with the items in the back plane, (5) half set, only the new items
from the preview conditions were presented and the target could
appear in the front or back unpredictably. Each of the ﬁve condi-
tions was run in a separate block, participants completed two suc-
cessive runs through each of the conditions, with the order of the
blocks within each run identical within participants but counter-
balanced across participants. Set size was additionally manipu-
lated (8 vs. 16 items). All other procedural details were as for
Experiment 1.
5.2. Results
Errors were too rare (on 2.43% of trials) to permit meaningful
analysis (see Table 8 for their breakdown). Extreme RTs <100 or
>8000 ms were excluded prior to analysis (10 responses). Mean
RT across the conditions is plotted in Fig. 9, and search efﬁciency
is presented in Table 9.
5.2.1. Preview vs. full set
A ﬁrst analysis assessed how the effect of target depth plane
was modulated by the presence of a temporal preview. An ANOVA
with the factors of preview plane (front vs. back, also the majority
plane in the full set conditions), preview (full-set vs. preview),
Table 8
Mean percentage error across conditions in Experiment 4.
Back preview Front preview
8 Items 16 Items 8 Items 16 Items
Preview target minority 2.38 3.33 2.14 3.10
Preview target majority 3.10 2.14 2.86 3.33
Full set target minority 1.43 2.14 2.62 1.90
Full set target majority 2.14 1.90 2.14 2.62
Target front Target back




















Fig. 9. Mean RT in Experiment 4 each separate line represents each target position
in each condition. In the preview conditions the minority group is a new group and
the majority group is an old group. The left panel shows data when the majority of
items are in the back and the right panel shows data when the majority of items are
in the front, the half set condition is plotted matched to the preview target minority
conditions, with the front target data on the left and the back target data on the
right.
Table 9





Preview target in minority 34.91 30.48
Preview target in majority 76.17 56.83
Full set target in minority 53.35 53.71
Full set target in majority 67.95 60.90
Front target Back target





















Target Minority / New Depth
Target Majority / Old Depth
Fig. 10. Mean search efﬁciency in the preview and full set conditions of Experiment
4, as a function of target depth.
K. Dent et al. / Vision Research 65 (2012) 45–61 57target plane (old/majority or new/minority), set size (8 vs. 16 items),
was conducted. There was no main effect of preview plane or inter-
actions with this factor (Fs < 1.2, ps > 0.29) apart from an interac-
tion between, preview plane and set size, F(1,14) = 4.76, p < 0.05;
search was less efﬁcient with the majority of the items in the back
plane. There were main effects of preview, F(1,14) = 55.11,
p < 0.0001, of target plane, F(1,14) = 25.47, p < 0.0001, and set size,
F(1,14) = 80.87, p < 0.0001. Preview and target plane interacted
F(1,14) = 10.1, p < 0.01 as did target plane and set size F(1,14) =
8.58, p < 0.05. Critically the three way interaction between
preview, target plane, and set size was signiﬁcant, F(1,14) = 9.92,
p < 0.01, indicating that the effect of target plane on search efﬁ-
ciency was much larger in the preview than in the full set case
(see Fig. 10 for graphical illustration). Separate ANOVAs for full
set and preview showed that, for the preview condition, both the
main effect of target plane and its interaction with set size, were
signiﬁcant (main effect F(1,14) = 27.95, p < 0.0001, interaction
F(1,14) = 12.52, p < 0.005). Search was less efﬁcient when the tar-
get appeared in an old majority previewed depth plane. For fullset displays only the main effect of target plane was signiﬁcant
F(1,14) = 16.07, p < 0.001, (F(1,14) = 2.29, p = 0.15, for the interac-
tion with set size). Search was overall slower when the target
was in the majority plane, but it did not vary in efﬁciency.
Separate ANOVAs also considered performance for each target
plane (old/majority vs. new/minority). Regardless of the target
plane, the main effect of preview was signiﬁcant, F(1,14) = 24.64,
p < 0.0001, and F(1,14) = 72.51, p < 0.0001. However, the interac-
tion between preview and set size was signiﬁcant only when the
target appeared in the minority/new plane, F(1,14) = 7.58,
p < 0.05, and not when the target appeared in the majority/old
plane F < 1. Thus the preview beneﬁt on search efﬁciency was sig-
niﬁcant only for targets in the minority/new plane; segmentation
of new from old items did not increase the efﬁciency of search
when the target appeared in the old previewed plane.
5.2.2. Preview vs. half set
A second series of analyses compared the preview conditions
against the half set baseline. There was no effect of target plane
on performance in the half set baseline F < 1. Separate ANOVAs
compared preview performance for each target plane (new minor-
ity or old majority) against half set performance. When the pre-
view target appeared in the new/minority plane, performance
was as efﬁcient as in the half set case, all Fs < 1. In contrast when
the preview target appeared in the majority/old plane, perfor-
mance was slower, F(1,14) = 18.7, p < 0.001, and less efﬁcient than
in the half set case, (interaction between condition and set size
F(1,14) = 19.6, p < 0.001).
5.3. Discussion
Experiment 4 examined preview search when following a
1000 ms presentation of items in one depth plane, half of the
new items were added to the existing plane while the other half
appeared in a new plane. When the target appeared in the new
plane, search was highly efﬁcient, and as efﬁcient as if only half
as many items had been presented. In contrast when the target ap-
peared at the old previewed depth, participants were as inefﬁcient
as if no preview had been presented at all (in the full set baseline).
When the target appeared in a new depth plane, it shared a depth
plane with a minority of items, whereas when it appeared at an old
depth plane it was part of a majority. This minority/majority differ-
ence was also present in the full set conditions, and although there
was an overall cost associated with the target falling in the major-
ity group, there was no effect on search efﬁciency. Thus the strong
effects of target plane on efﬁciency in the preview conditions can-
not be traced to minority/majority effects per se, but reﬂect instead
whether the minority/majority sets are being ignored over time.
Braithwaite and Humphreys (2003) reported similar results when
Table 10
Mean percentage error across conditions in Experiment 5.
8 Items 16 Items
Preview target minority 1.11 2.22
Preview target majority 1.48 0.83
Full set target minority 1.94 1.39
Full set target majority 1.83 2.41
Half set front target 1.39 1.67


















Fig. 11. Mean RT in Experiment 5 each separate line represents each condition. In
the preview conditions the minority group is a new group and the majority group is
an old group. The right panel shows data when the target appears in an old
majority, the left panel shows data when the target falls in the old majority group.
58 K. Dent et al. / Vision Research 65 (2012) 45–61items segmented by colour rather than depth and describe the pat-
tern we observed as a negative carry-over effect when the target
shared its features with those of the preview.
What drives these effects? One possibility is that participants
strategically orient attention to the non-previewed plane. How-
ever, there would be no motive for this given that the target ap-
peared just as often at the previewed plane – and this was
known to them. Also, if we assume that participants prioritise
the new depth without there being any inhibition or inhibitory car-
ry-over, then it is difﬁcult to explain the exact pattern of results.
Let us assume that attention is captured by a new depth plane. If
this is the case then participants should ﬁrst search items at the
new depth (1/4 of the items present) even when the target is at
the old depth and then (on average) they should search half of
the remaining new items (1/8 of the items present) – so they
should search a mean of 3/8 of the items. Note that search should
be more efﬁcient, not less, when compared with the full set condi-
tion, when on average 4/8 of the items must be searched.
Of course, other complexities could be important too. One pos-
sibility is that participants do begin search with the items at the
new depth, but rather than just searching half of the remaining
new items, when participants engage with the old plane the old
previewed items begin to recompete for attention increasing the
average number of items to be considered. To address these issues,
we need to assess performance when participants should strategi-
cally search the old rather than the new plane, which would make
it difﬁcult to argue that the negative carry-over effect was due to
participants strategically attending to the new depth plane. In
Experiment 5 we provided an incentive for participants to begin
search in the old previewed plane by presenting a target there on
75% of trials. Does this reduce the negative carry-over effect when




Participants were 15 undergraduate and postgraduate students
from the University of Birmingham. Age 18–39, mean 21.33. There
were six males and nine females. Three further participants who
did not pass the depth prescreen were omitted.
6.1.2. Equipment
As for Experiment 3.
6.1.3. Stimuli
The same stimuli as used in Experiment 4 were employed.
6.1.4. Design and procedure
Since Experiment 4 did not reveal any major effects of preview
plane, in the current experiment in the preview conditions the pre-
view items were always presented in the back plane. The full-set
conditions were based on the preview cases. Thus in the full-set
conditions a majority of items appeared in the back plane. In the
half-set condition the search items were distributed evenly over
the two planes. In contrast to Experiment 3 we introduced a sys-
tematic bias in the frequency of target appearance in each plane,
75% of the time the target appeared in the back plane, and 25%
of the time it appeared in the front plane. Each of the three condi-
tions was run in a separate block of trials, and each condition block
was repeated twice. Each block began with 32 practice trials, and
then followed 192 experimental trials. There were 24 trials for
each combination of condition and set size, when the target ap-peared in the front and 72 when the target appeared in the back.
Participants took part in a depth prescreen as for Experiment 3
but without placeholders, in which the task was to indicate if a tar-
get appeared in the front or back plane. Participants then com-
pleted a general practice block of 32 trials of the full set
condition before commencing the experiment proper.
6.2. Results
Errors were too rare (on 1.68% of trials) to permit meaningful
analysis (see Table 10 for their breakdown). Extreme RTs <100 or
>8000 ms were excluded prior to analysis (16 responses). Mean
RTs across the conditions are plotted in Fig. 11, and search efﬁ-
ciency is presented in Table 11.
6.2.1. Preview vs. full set
A ﬁrst analysis assessed how the effect of target depth plane
was modulated by the presence of a temporal preview. An ANOVA
with the factors of preview (full-set vs. preview), target plane (old/
majority vs. new/minority), and set size (8 vs. 16 items), was con-
ducted. There were main effects of preview, F(1,14) = 25.8,
p < 0.0001, of target plane, F(1,14) = 10.195, p < 0.01, and set size,
F(1,14) = 211.037, p < 0.0001. Preview and target plane interacted
F(1,14) = 23.338, p < 0.0001 as did target plane and set size
F(1,14) = 32.363, p < 0.0001. Critically the three way interaction
between preview, target plane, and set size was signiﬁcant,
F(1,14) = 9.289, p < 0.01, indicating that the effect of target plane
on search efﬁciency was much larger in the preview than in the full
set case.
Separate ANOVAs showed that both the main effect of target
plane and its interaction with set size, were signiﬁcant in the
preview condition (main effect F(1,14) = 21.792, p < 0.0001,
Table 11
Search efﬁciency ms/item in Experiment 5.
New/minority/front target Old/majority/back target
Preview 32.39 67.34
Full set 58.27 65.94





















Target Minority / New Depth
Target Majority / Old Depth
Fig. 12. Mean search efﬁciency in the preview and full set conditions of Experiment
5, as a function of target depth.
K. Dent et al. / Vision Research 65 (2012) 45–61 59interaction F(1,14) = 35.41, p < 0.0001). Search was less efﬁcient
when the target appeared in an old previewed depth plane. For full
set displays the main effect of set size was signiﬁcant
F(1,14) = 155.813, p < 0.0001, but search did not vary in efﬁciency
as a function of target plane (F(1,14) = 1.752, p = 0.207, for the set
size  target plane interaction).
Separate ANOVAs also considered performance for each target
plane (old/majority vs. new/minority). Regardless of the target
plane, the main effect of preview was signiﬁcant, F(1,14) = 8.557,
p < 0.05 F(1,14) = 57.662, p < 0.0001. However, the interaction be-
tween preview and set size was signiﬁcant only when the target
appeared in the minority/new plane, F(1,14) = 13.664, p < 0.005,
and not when the target appeared in the majority/old plane F < 1.
Thus the preview beneﬁt on search efﬁciency was signiﬁcant only
for targets in the minority/new plane; segmentation of new from
old items did not increase the efﬁciency of search when the target
appeared in the old previewed plane (see Fig. 12 for graphical
illustration).
6.2.2. Preview vs. half set
A second series of analyses compared the preview conditions
against the half set baseline. There was no effect of target plane
on performance in the half-set baseline F < 1. Separate ANOVAs
compared preview performance for each target plane (new minor-
ity or old majority) against half set performance. When the pre-
view target appeared in the new/minority plane, performance
was as efﬁcient as in the half set case, F < 1 for the condition main
effect and for the set-size  condition interaction. In contrast when
the preview target appeared in the majority/old plane, perfor-
mance was slower, F(1,14) = 20.547, p < 0.0001, and less efﬁcient
than in the half set condition (interaction between condition and
set size F(1,14) = 33.475, p < 0.0001).
6.3. Discussion
The results of Experiment 5 clearly showed that, when there
was a temporal preview of half the items, targets presented at
the same depth as the initial preview were much more difﬁcultto ﬁnd than targets presented at a new depth. Critically in Experi-
ment 5 this pattern of data was obtained despite a strong bias
favouring targets in the plane of the old distractors.
In contrast to Experiment 4 where we found a cost to perfor-
mance for targets falling in the depth plane of the majority of items
in the full-set baseline, in Experiment 5 this majority cost was
eliminated. This indicates that the manipulation of where the tar-
get would appear had an effect on the strategic allocation of re-
sources, helping to overcoming any bias towards the minority
group. Despite this, the cost for old majority targets in the preview
condition was undiminished. Performance in the preview condi-
tions of Experiments 4 and 5 was almost identical and there was
no suggestion whatever that introducing a strong incentive to stra-
tegically redeploy attention to the old items reduced the negative
carry-over effect.
These data make it difﬁcult to argue that the carry-over effect is
due to a strategic preference to start search with the items appear-
ing in the new plane. On the other hand, the results are consistent
with the idea that the negative carry-over effect occurs due to
involuntary inhibition of items sharing a depth-plane with the ig-
nored preview items.
One curious aspect of the pattern of data reported is that, in
standard preview search and in the full set conditions of Experi-
ments 1 and 2, the target also shared depth with the previewed
items, yet search was not as inefﬁcient as the corresponding case
in Experiments 4 and 5 (50 ms per item). This may reﬂect effects
of the other items presented along with the target after the pre-
view. In the full set search condition of Experiments 1 and 2 the
other distractors shared depth with both the target and the
remaining distractors. In contrast in Experiments 4 and 5 targets
appearing at the old depth plane occurred along with distractors
appearing at the new depth; distractors at the new depth would
not suffer a disadvantage from sharing depth with the preview
and so should act as potent competitors for attention. In the Gen-
eral Discussion we consider in greater detail how the negative cost
for items sharing depth with a previewed set of items should be
explained.7. General discussion
Across ﬁve experiments we explored how the preview beneﬁt
in visual search interacts with stereoscopic depth. The ﬁrst three
experiments showed that, when old and new items in the preview
paradigm are also separated in stereoscopic depth, search was
more efﬁcient than when depth segmentation was absent. This
additional beneﬁt to search occurred irrespective of whether the
target’s depth was known (Experiments 2 and 3). The effect is un-
likely to be due to attentional capture by new depth, since, in
Experiment 3, the use of placeholders meant that the new search
items did not deﬁne a new depth plane. Additionally in Experiment
4 a target appearing at a new depth did not make search more efﬁ-
cient than the half set condition, in which there was no new depth.
Had search always started at the new depth in the preview condi-
tion, then participants should have been more efﬁcient since only
25% of the items appeared at the new depth whereas 50% of items
were present and potential targets in the half set case.
Returning to the hypotheses outlined in the introduction, while
the Guided Search model (e.g. Wolfe, 1994) may offer an account of
the data of Experiment 1 in terms of coactivation on the basis of
multiple cues, the architecture is ill suited to explain the data of
the remaining experiments. It is not clear in the context of Guided
Search why in Experiments 2 and 3 when depth alone is ineffec-
tive, it should become effective when combined with preview.
These results are especially problematic given that the basis for
the depth effect here is negative (e.g. based on knowing where
60 K. Dent et al. / Vision Research 65 (2012) 45–61the target will not appear). Furthermore, the Guided Search model
does not provide a natural account of the negative carry-over ef-
fects reported in Experiments 4 and 5. The results of Experiment
5 are especially problematic for an account in terms of Guided
Search since here the negative carry-over effect occurs despite a
top-down bias in the opposite direction.
It is also interesting to compare the current experiments against
similar experiments conducted in the context of MOT. Pylyshyn
et al. (2008) demonstrated that inhibitory probe detection effects
in MOT disappeared if target and distractor items were segmented
by depth. On the basis of these earlier data one might hypothesise
that, similar to the MOT result, combining preview and depth dif-
ferences between the target and old distractors should reduce any
need to inhibit the old items. In contrast to this, what the current
experiments demonstrate is that a negative bias against the old
items remains intact and is even exacerbated by depth segmenta-
tion. Thus it would appear that the mechanisms involved in pre-
view search may diverge from those implicated in MOT, at least
when it comes to interactions with depth.
To account for the results we propose that there is feature-
based inhibition of the old previewed items. When depth is shared
by a set of items, and these items are inhibited, then the shared
depth feature may also accrue inhibition to some extent. The addi-
tional beneﬁt to search in the combined condition of Experiments
1 and 2 is then attributed to a combination of positive and negative
factors. There is increased inhibition of the previewed items con-
tingent on these distractors sharing a depth plane that is distinct
from the new items. Importantly, it is not the case that simply
by grouping the items together by common depth rejection of
these items improves. Had that been the case we would have seen
effects of the depth mixing manipulation in Experiment 2 but we
did not. In Experiment 2 performance was equivalent when both
old and new distractors appeared with mixed depths (front and
back), and when all the items appeared at one common depth. In
addition to grouping by common depth, segmentation by distinct
depth is also critical, thus performance is optimal not just when
old items group by depth, but when old distractors and new targets
may be segmented by depth into distinct groups. The importance
of segmentation in this context is twofold in that it may (i) allow
increased rejection of grouped distractors, and (ii) also allow new
targets to escape the negative consequences of grouping with old
items. Thus in Experiments 1–3 when new items share depth with
some of the old items, they may suffer, but when they do not share
depth, they are not inhibited. The negative carry-over effect in
Experiments 4 and 5 is linked to the same source as the additional
beneﬁt in Experiments 1–3 but is exaggerated since here the target
must compete not only against distractors that also suffer depth
plane inhibition but also new distractors that do not suffer in the
same way.
Importantly, given the results of Experiment 5 it appears that
there is a limit to the amount of control that participants can exert
over inhibitory mechanisms. Thus in Experiment 5 it would be
optimal to exclude the locations of the previewed distractors but
to prioritise the old depth plane since a target would appear here
75% of the time. However, the results revealed a substantial cost
to performance for targets at the old depth, suggesting that partic-
ipants could not exclude only the speciﬁc locations of the pre-
viewed distractors, leaving other locations in the same plane
unscathed. The results are consistent with depth plane inhibition
occurring as an obligatory consequence of previewing a set of
distractors.
The mechanisms at play here are likely to be very similar to
those involved in colour effects in preview search, where similar
negative carry-over effects have been reported (e.g. Braithwaite &
Humphreys, 2003). In this context general mechanisms put for-
ward to account for effects of stimulus similarity on search havebeen recruited to explain negative carry over effects (see, Brai-
thwaite & Humphreys, 2003; Braithwaite, Humphreys et al.,
2003; Braithwaite, Humphreys et al., 2005; Braithwaite et al.,
2007). According to attentional engagement theory (AET, Duncan
& Humphreys, 1989; Duncan & Humphreys, 1992) grouping
amongst similar stimuli plays a preeminent role in driving search
efﬁciency. Items that share features, and that group together in-
crease and decrease in priority together (decreases coming about
by a process termed spreading suppression by Duncan & Humph-
reys, 1989). Thus when a previewed set of distractors are sup-
pressed, they may be suppressed as a linked group. This in turn
will mean that other newly appearing items which group by a fea-
ture with these early items inherit some of this spreading suppres-
sion disrupting search. The current results extend the set of
features that permit spreading suppression to include stereoscopic
depth.
One unanswered question though is whether features or sur-
faces are important for suppressive effects in search. The current
results show that stereoscopic depth a feature known to be impor-
tant for deﬁning surfaces in the visual environment, may also drive
inhibitory effects, and thus raise the question of whether the ear-
lier results with colour should be reinterpreted in terms of sur-
faces. He and Nakayama (1995) showed that search could be
restricted to a well formed surface of co-planar elements even if
these elements were slanted such that they spanned a range of dif-
ferent depths from the observer, and that disrupting the co-planar-
ity of a set of items at the same depth disrupted search, supporting
a pre-eminent role for surfaces. Thus it will be of critical impor-
tance for future experiments to explore whether the depth effects
shown in the current paper are the result of surfaces or disparity,
and to this end work with slanted surfaces in which items with a
range of disparity values form one surface will be crucial.
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